The concentration or the partial pressure of oxygen in an environment can be determined using different measuring principles. For high temperature measurements of oxygen, ceramic-based sensors are the most practical. They are simple in construction, exploration and maintenance. A typical oxygen potentiometric sensor consists of an oxygen ion conducting solid electrolyte and two electrodes deposited on the two sides of the electrolyte. In this paper different structures of potentiometric oxygen sensors with a solid state reference electrode were fabricated and investigated. The fabricated structures consisted of oxygen ion conducting solid electrolyte from yttria stabilized zirconia, a sensing platinum electrode and nickel-nickel oxide reference electrode. The mixture of nickel-nickel oxide was selected as the reference electrode because it provides reliable electrochemical potential in contact with oxygen conducting electrolyte. To avoid oxidation of nickel the reference electrode is sealed from ambient and the mixture of nickel-nickel oxide was formed electrochemically from nickel oxide after sealing. The effectiveness of the sealing quality and the effectiveness of nickel-nickel oxide mixture formation was investigated by impedance spectroscopy.
Introduction
Chemical sensors are used in a wide range of industries including steelmaking, heat treating, metal casting, glass, ceramic, pulp and paper, automotive and aerospace [1] . Monitoring and control of combustion-related emissions is a top priority in many industries. The major methods used to detect combustion gases fall short of practical applications for in-situ measurements in industrial environments involving high temperature and chemical contaminants. There is a continuing need for the development of fast, sensitive, rugged, reliable, and low-cost sensors for applications in harsh industrial environments [2, 3] . The real challenge is to develop highly sensitive and selective sensors with long-term stability in such aggressive environments [4] .
Till today, the most popular are potentiometric electrochemical solid state sensors due to their widespread success in automotive industry. They operate in a very wide range of oxygen partial pressures, since their response is proportional to the logarithm of the oxygen pressure [5] . A typical oxygen potentiometric sensor consists of an oxygen ion conducting solid electrolyte and two electrodes deposited on the two sides of the electrolyte (see Fig. 1 ) [6] . One of these is a reference electrode and the other is a sensing electrode, which is exposed to the ambient with unknown (to be measured) oxygen partial pressure (concentration). The chemical potential of oxygen at the electrode/electrolyte interface is determined by the equilibrium at the triple phase boundary of gas, electrode and electrolyte. At the sensing electrode the chemical potential of oxygen depends on unknown oxygen partial pressure, while at the reference electrode it shall be fixed. As a result of oxygen chemical potential difference between electrodes an electromotive force (EMF) is developed, which follows the Nernst equation [7] . (E) -reference electrode exposed to (F) ambient air atmosphere (adopted from [6] ).
The oxygen chemical potential of the reference electrode can be fixed by known oxygen partial pressure (gaseous reference electrode) or by a mixture of the transition metal and its oxide (solid reference electrode) [6] . In case of the sensor with solid reference electrode the solid reference provides the equilibrium of the oxygen partial pressure at the operating temperature [8] , so the chemical potential of oxygen at the reference electrode is formed in a similar matter as with gaseous reference electrode. The binary mixture systems used as solid reference electrodes have been reviewed in detail by Maskell et al. [9, 10] .
The gaseous reference electrode is utilized very frequently in oxygen sensors. For example, in a Lambda sensor used widely for combustion control, the ambient air is provided from outside of the combustion environment to a reference electrode [7] . However, in some cases it is unfeasible to use sensors with a gaseous reference electrode. Sensors with a solid reference electrode are still at the stage of laboratory development. The difficulty in the sensor design is related to sealing of the reference electrode from the ambient gas against physical leakage of oxygen, which would affect the chemical potential of oxygen at the reference electrode [11] . However, proper isolation and sealing of the solid reference electrode under high temperature conditions would allow elimination of the gaseous reference required by commercial oxygen sensors [8] . This offers a great advantage in the microfabrication of the sensor [6] . Frequently, the process for developing this type of sensors requires different techniques like tape casting, screen printing, piling up substrates, or ceramic sintering. The structural and electrochemical properties of those devices are extremely depending on the processing conditions of these techniques [12] .
In this paper a description of the fabrication process of the potentiometric oxygen sensors and results of their investigation are presented. The fabricated structures consisted of oxygen ion conducting solid electrolyte from yttria stabilized zirconia, a sensing platinum electrode and nickel-nickel oxide reference electrode. The mixture of nickel-nickel oxide was selected as the reference electrode because it provides a reliable electrochemical potential in contact with oxygen conducting electrolyte. One may be aware that there is the danger of alloy formation between Ni and inner Pt electrode at relatively low temperatures (around 700 ºC), which may lead to instability in sensor response [8] . However, the experimental studies have not confirmed this as a major issue [13] . To avoid oxidation of nickel, the reference electrode was sealed from the environment and the mixture of nickel-nickel oxide was formed electrochemically from nickel oxide after sealing. To the best of our knowledge, impedance spectroscopy was employed for the first time to investigate the effectiveness of sealing of the reference electrode.
Theoretical considerations
For a sensor with a solid reference electrode, the following equation can be used to calculate an electromotive force EMF (1):
where F is the Faraday constant (96485 C mol -1 ), R is the universal gas constant (8,314 J/mol  K), T is the absolute temperature (K), 2 O p is the measured oxygen partial pressure, G  is the free enthalpy of the reference electrode and z is the number of charges transported by the electrolyte per mole of oxygen [9, 14] . According to the relation (2):
four charges are transported per mole of oxygen, z = 4 [14] . In case of the nickel/nickel oxide mixture used for the reference electrode, the following value for the free enthalpy was experimentally obtained [14] :
Equation (1) and (3) will be used to calculate theoretical dependences (see Figs. 7 and 9).
Experimental
Four structures of potentiometric oxygen sensors have been fabricated and investigated. The structures were constructed from the following materials. The electrolyte was in the form of a pellet of about 1 cm in diameter, 100 µm thick (structure A, C, D) and 2 mm thick (structure B) yttria-stabilized zirconia (YSZ, chemical formula Zr0.84Y0.16O2-x). The former was prepared from tape YSZ, while the later by compacting the YSZ powder (Tosoh, Japan). In both cases the green YSZ was sintered at 1400 ºC to obtain dense ceramics. Porous platinum films were prepared using platinum paste (ESL 5554) and brushing method on YSZ substrate structures A, C) or on NiO (structure B, D). The platinum electrodes were fired at 900 ºC for 1 hour to form porous adhered layers [14] . The NiO films were deposited on YSZ substrate (structure B, D) or on YSZ substrate with platinum electrodes (structures A, C) using nickel paste and brushing method. YSZ substrates with NiO were fired at 1250 ºC for 1 hour. In case of structures A and C, the Pt electrode, initially fired at 900 ºC, was finally annealed at 1250 ºC due to a co-firing process with Ni electrode. The initial firing of the Pt electrode at 900 ºC has provided a porous Pt structure, which after co-firing with a Ni electrode helped to obtain a strong interface of interconnected Pt and Ni particles. In order to obtain the electrical connection to the electrodes, thin Pt or Au wires were attached using Pt paste to the Pt electrode at the time of preparation of the Pt electrode.
To avoid re-oxidation of nickel, the reference electrode is sealed from ambient air using ESL 4909 glass sealing (structures A, B, C) or ESL 4905 (structure D). The glass has been in direct contact with the reference electrode in case of structures A and B, while this contact was avoided in case of structures C and D. In the former case the paste ELS 4909 was deposited on the reference electrode (thickness of about 60 µm), while in the latter case a plate of alumina was used to cover the reference electrode and the glass was used only on the edges between alumina and YSZ. The paste ESL 4909 was used in the case of structure C, while the ESL 4905 in the case of structure D. In each case the glass paste was annealed at 900 ºC for 1 hour. Fig. 2 presents all schemes of the fabricated structures.
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C. D. A key feature of this sensor is the internal oxygen reference electrode made of a suitable metal-metal oxide mixture having sufficient electric conductivity [15] . After sealing the nickel is in a fully oxidized form. To obtain a metal-metal oxide mixture the nickel oxide was in situ electrochemically reduced using an Electrochemical Interface SI1287. In order to measure open circuit potentials, the structures were placed at the centre of a tube furnace and connected to the SI1287 using platinum leads.
The furnace thermocouple was placed at a distance of about 1 cm from the investigated structures inside the test chamber. Therefore, the structure temperature was assumed as the set point of the furnace. The sensor was operated at 700 C, which is sufficient to obtain satisfactory oxygen ion conductivity of the electrolyte and fast electrode kinetics [16] . The electrochemical formation of nickel was conducted at 700 ºC, which seems to be low enough to avoid alloy formation between Pt and Ni and pump oxygen relatively fast for NiO reduction [6, 8] . Upon thermal stabilization the structure was polarized with 1.4 V for 5 hours (the NiO electrode at negative terminal, while the counter Pt electrode at positive terminal). After polarization, the open circuit potential was measured for 1 hour in order to monitor the voltage and its stability. The structures before and after polarization experiments were investigated by impedance spectroscopy. For this purpose an impedance analyzer SI1260 was employed. The measurements were conducted in the frequency range 1 Hz -1 MHz with an excitation signal of 20 mV. The procedure of polarization, open circuit voltage and impedance measurements were repeated 3 more times before any other measurements were carried out.
Different oxygen concentrations were obtained by mixing synthetic air and premixed concentration of 1%, 100 ppm and 1 ppm oxygen in nitrogen (cylinders from Linde Gas). The desired concentrations were achieved using mass flow controllers (Tylan GmbH). The total flow of gas mixtures in the measurement chamber was always set to 100 sccm.
It is worth mentioning that a structure consisting of paste ESL4905 in direct contact with the reference electrode was tested. However, it was not possible to obtain any voltage after the electrochemical reduction of nickel oxide. Most likely, a reaction between the nickel/nickel oxide and the ESL4905 occurred, with block formation of the chemical potential. This phenomenon was not investigated in detail and is therefore not presented in this paper.
Results and discussion

In situ chemical potential of reference electrode formation
The pictures of prepared structures are shown in Fig. 3 . During examination of the structures it can be seen that, in case of structure A, there are cracks in the sealing glass (barely visible), while in the case of structures C and D there are cracks in the electrolyte. This effect is not related to the synthesis, since the cracks were not observed after the synthesis process and were noticed after the measurements. The mixture of nickel-nickel oxide from nickel oxide was formed in situ by polarization of the structure at 1.4 V for 15 hours (3 cycles of 5 hours) at 700ºC. Fig. 4 shows the currents as a function of time during the first 5 hours of the polarization process. The plot shows that structure C and D reveal significantly larger current levels than the structures A and B. This may suggest that the reference electrode is not properly sealed from the ambient atmosphere. Indeed, once the open circuit voltage was monitored after the polarization process at 700ºC, the measured voltage quickly reached about 0 V. It seems that the cracks in the electrolyte, visible in Fig.3 , were formed during the polarization process of the reference electrode. For these structures the electrolyte was relatively thin (100 µm). Moreover, the structures C and D have embodied dead volumes between the electrolyte and alumina cover which are filled with air. The oxygen entrapped in these dead volumes is removed during the polarization process, what leads to significant pressure changes in the cavity. This process may cause the electrolyte to crack. Therefore, it seems that any dead volumes in the sensor structure should be avoided or the sealing process should be performed in an inert gas (i.e. nitrogen).
The measurements of the open circuit voltage show that for the structures A and B the voltages are close to the theoretical value. After polarization an open circuit potential of about 750 mV was obtained, which is comparable with the literature data of 760 mV [13] . The electric current levels for the structures A and B are not significantly different. In case of structure A the current level at the beginning of reduction is lower than in case of structure B. With time, in case of the structure A, the current starts to increase and finally is slightly higher than for structure B. This can be explained by the design differences. In case of structure B the low-conductivity nickel oxide is between the platinum electrode and YSZ, while in the case of structure A the platinum electrode is in contact with YSZ. Apparently, the reduction process of oxygen starts to be more effective once the nickel oxide is reduced in the vicinity of platinum (structure A), while for the nickel electrode relatively constant (structure B). It can be concluded that the level of the current during in situ formation of the reference electrode is very important. Too high current informs of leakage in the reference electrode sealing.
A.
B. C. D. Fig. 3 . Pictures of the prepared structures.
In Fig. 5 all three cycles of reference electrode reduction process for the structure A are presented. Both current and voltage are shown. Based on the Faraday law and the electric change passed during the reduction process one can calculate the amount of the NiO reduced. In case of structure A, it was calculated that after 15 hours of reduction the mass ratio Ni:NiO is 5%:95%, while in the case of structure B it is 2%:98%. In case of the structures C and D more oxygen was pumped than available in NiO. This confirms that the sealing of the structures C and D is not effective and additional ambient oxygen is pumped. In case of the structures with properly sealed reference electrode in each cycle about the same charge has passed and during a 5-hour reduction at 1.4 V less than 3% of NiO can be reduced. Valuable information can be obtained from the impedance spectra. Fig. 6 presents the modulus of impedance for the structures A and B before and after the polarization process. It can be seen that the impedance at high frequency (>10 kHz) is about an order of magnitude higher for structure B than for structure A. The high frequency impedance can be attributed to ohmic resistance of the structure, which is mostly related to the electrolyte thickness.
At low frequencies (<10 Hz) the impedance can be attributed to the efficiency of oxygen redox electrode process. It can be seen that the impedance for structures A and B before reduction is different. Namely, the impedance of structure B is higher than that for structure A, what can be explained by the difference in the design. For structure A the electrode is made of platinum, which is known to be a very good catalyst for oxygen reduction. In case of the B structure the electrode is made of nickel/nickel oxide, which for oxygen reduction is performing slightly worse than platinum [13] . This can also explain the lower currents during polarization for the structure B in comparison with structure A (see Fig. 4 ). Actually, based on the polarization voltage and the polarization current one can estimate the DC total resistance of the sensor during the polarization process. It was calculated that in case of structures A, B and D the total resistance was estimated to be about 50 kΩ, 63 kΩ and 270 Ω, respectively. These resistances are very close to the values of the AC resistance at low frequencies, which were obtained in an open-circuit condition. Namely, in the case of structures A, B and D an AC resistance of about 20 kΩ, 50 kΩ and 500 Ω was recorded (see Fig. 6 and 7) , respectively.
It can also be noted in Fig. 6 that the impedance at low frequencies for the sample after reduction is always higher than for the same samples before reduction. This is in agreement with the fact that the oxygen partial pressure in the reference chamber after reduction is lower than that before reduction. The low partial pressure at the reference electrode slows down the efficiency of oxygen red-ox electrode process. Fig . 7 shows the modulus of impedance for structure D before and after reduction process. It can be seen that at low frequency (<10 Hz) the impedance is only insignificantly increased after the reduction process. Since oxygen leakage is expected, the oxygen partial pressure in the reference chamber after reduction might be only slightly lower and the efficiency of the redox process is about the same before and after the reduction process. The possible leakage sources were discussed by Kaneko et al. [17] , Maskell [8] and Fouletier [18] , however, in case of structure D it is evident that the leakage is due to the crack in the electrolyte. Fig. 8 shows the EMF signal as a function of temperature showing the Nernstian behavior of the sensor B in the temperature range from 500 ºC to 700 ºC. The theoretical values were estimated based on the equations (1) and (3). It can be seen that whereas the slopes are identical, the EMF is slightly lower than the theoretical calculations. The cause of this difference is currently unknown. One reason for that difference could be the ratio of Ni:NiO after reduction, which after 15 hours of reduction is 5%:95%. Analyzing the open circuit voltage after 5 hours (0.733 V), after 10 hours (0.747 V) and after 15 hours (0.751 V) of reduction it can be noted that the OCV increases. Therefore, is it expected that open circuit voltage could be even larger once the ratio of Ni:NiO would be 50:50%. Fig. 8 shows the response of sensor A for different oxygen concentrations at 700ºC. The response is reasonably fast considering the large volume of the testing chamber (about 1.2 dm 3 ). The response is below 120 s at this temperature. Results of Beie and Gnorich [19] confirm that this value may be attributed to gas exchange in the measurement chamber. Fig. 9 shows the EMF signal as a function of oxygen concentration based on the response presented in Fig. 8 . The sensor shows the Nernstian behavior, while the slope is practically identical for the experimental and theoretical data. The existing offset between the experimental and theoretical data is consistent with the difference in EMF difference presented in Fig. 7 . A small change in the inclination angle visible at about 1% can be associated with the switching between different oxygen cylinders during the experiment. The calculated difference of about 6% was obtained in comparison with theoretical data, but in Chowdhury et al. a much greater difference of about 44% was reported [8] . The response behavior of sensor A at 700 ºC is depicted in Fig. 10 . It shows four cycles of switching between different oxygen levels (21% and 1%) in the chamber with each cycle lasting for about 1 hour. This response proves good sensor repeatability. The difference in voltage in each cycle (ΔE as depicted in Fig. 10 ) is a constant value of about 64 mV. However, after repeated tests over a longer period, the sensor performance degraded. A noticeable amount of drift was observed in the sensor signal, when the sensor was continuously tested at 700 ºC in air over 3.5 days. The drift might possibly arise due to grain growth and sintering of the inner electrode [8] . However, it might come from nickel oxidation due to small and barely visible cracks in the sealing glass. It seems that the relatively thin YSZ electrolyte (100 m) is not appropriate for the potentiometric sensors with solid reference electrode. The pressure difference during the polarization process may result in the electrolyte mechanical deflection, what causes cracks in the electrolyte or in the glass. A thicker electrolyte may minimize the deflection. The response behavior of sensor B at 700ºC was also tested and is depicted in Fig. 11 , which shows three cycles of switching between oxygen concentration of 21% and 1%. The difference in voltage in each cycle is lower in comparison with structure A and is about 50 mV. Moreover, a noticeable amount of drift was observed in the sensor signal, whose cause is not evident. It is believed that the drift might be due to diffusion of oxygen within the reference electrode. Since the reduction process was relatively slow, it is believed that the stoichiometry of oxygen across the thickness of nickel/nickel oxide reference electrode is not uniform. These phenomena need to be investigated in detail to draw further conclusions.
Sensor response
Conclusions
In this paper different structures of oxygen sensors with a solid state reference nickel/nickel oxide electrode were fabricated and evaluated. Impedance spectroscopy was employed to investigate the effectiveness of the reduction process and the sealing of the reference electrode. The measurements show that the structures with dead volume in the vicinity of the reference electrode and a relatively thin electrolyte were not advantageous. During the polarization process significant changes in the pressure caused cracking of the electrolyte. The most promising was the structure with nickel oxide separated from the electrolyte by a platinum layer and without dead cavities. In this case the response was Nernstian and reproducible. However, the sensor was successfully working only a few days due to some cracks in the sealing glass. It is believed that the cracks propagated during the polarization process as a result of electrolyte mechanical deflection. Nevertheless, the preliminary study provided significant understanding in the fabrication needs of the potentiometric sensor with a solid state reference electrode.
